The processes responsible for double-peak latitudinal structures in the time-averaged tropical lowerstratospheric upwelling, centered near 70 hPa and 208N/S, previously noted in ERA-Interim and other reanalysis and model datasets, are considered. It is demonstrated that the structure of the wave force resolved by ERAInterim consistently balances the angular momentum transport associated with the double peak. Analysis of the corresponding structures in diabatic heating rates from ERA-Interim indicates that the peaks arise predominantly from the meridional structure in ozone concentrations and the associated absorption of both shortwave and longwave radiation. Additional smaller contributions arise from local absorption of longwave radiation emitted from the relatively warm layers above and below, as well as from cloud-related radiative effects and nonradiative diabatic heating. The temperature at 70 hPa is slightly higher near 208N/S than at the equator, opposite of what would be expected if the latitudinal structure in radiative heating were associated with local relaxation. It is proposed on the basis of this analysis that the primary cause of the peaks in upwelling is the externally imposed (i.e., nonrelaxational) part of the radiative heating field. The dynamical plausibility of this hypothesis is investigated in a companion paper.
Introduction
The Brewer-Dobson circulation is recognized as an important component of the chemistry-climate system. In the lower and middle stratosphere, the circulation is upward at low latitudes and downward at high latitudes and, therefore, controls the rate at which chemical species with tropospheric sources are taken into the stratosphere. Correspondingly, it also controls the rate at which species with sources in the stratosphere and mesosphere are taken into to the troposphere. Brewer's important paper (Brewer 1949) , deducing the existence of a global-scale circulation on the basis of a small number of extratropical water vapor measurements, noted that if such a circulation existed then an explanation would be needed for the angular momentum balance, but the paper did not attempt to provide such an explanation.
Subsequent theoretical and modeling studies have established the steady component of the Brewer-Dobson circulation (i.e ., what would be observed from a multiyear average) as a wave-driven circulation in which the Coriolis force associated with poleward flow is balanced by the wave force due to dissipating Rossby waves and gravity waves (e.g., Plumb 2002; Butchart 2014) . The relation between the wave force and the circulation is encapsulated in the ''downward control'' principle derived by Haynes et al. (1991) , who considered the zonally symmetric response of a radiatively damped atmosphere to a prescribed zonally symmetric force. The upwelling or downwelling through a certain level is controlled purely by the distribution of the wave force above that level. In this steady zonally symmetric regime, an applied heating will not drive a circulation-the response to such a heating is simply an adjustment in temperatures such that the applied heating is balanced by a change in the longwave radiative heating.
While this analysis, based on zonally symmetric dynamics, makes the important point that there cannot be a circulation without a wave force (or a systematic change in circulation without a change in wave force), it does not account for the possibility that the wave force itself may change as part of the response to an applied heating and that such a change will correspondingly drive a steady meridional circulation. A well-known example of this is the response of the middle atmosphere to increased greenhouse gases-the direct forcing of the system is a heating but this results in a change in the wave force and hence a change in the meridional circulation (e.g., Butchart et al. 2010a; Garcia and Randel 2008; Shepherd and McLandress 2011; Butchart and Scaife 2001) . The decadal changes in meridional circulation due to the ozone hole might provide another example. This paper is motivated by the low-latitude structure of the upwelling meridional circulation in observations and certain model simulations. A feature of the upwelling velocity is a double-peak structure with two local maxima at about 208N/S and 70 hPa observed in the ERA-Interim dataset as shown in Fig. 1a and by Seviour et al. (2012) , as well as in various other reanalysis datasets (Abalos et al. 2015) and coupled chemistry-climate models [Fig. 4 .9 in chapter 4 of Butchart et al. (2010b) and Fig. 3 of Butchart et al. (2006) ]. Similar double peaks are present in the diabatic heating rates at these levels in ERA-Interim (Fueglistaler et al. 2009 ) as shown in Fig. 1b .
In contrast, the temperature does not exhibit the same latitudinal structure across the equator, as shown in Fig. 1c . The difference from the equatorial value at 208N/S is less than 1 K and furthermore the temperature increases away from the equator. A local relaxational model for the temperature dependence of the radiative heating would therefore imply that there should be less radiative heating at 208N/S relative to the equator rather than what is observed, which is greater radiative heating. This suggests that some part of the radiative heating might be externally imposed. We will return to discuss what ''externally imposed'' actually means in more depth in section 5.
The motivation for the work reported in this paper and in a companion paper (Ming et al. 2016 ) is to understand the cause of the double peak in upwelling. To establish the cause, it is necessary to consider together both the radiative balance and the angular momentum balance. Certainly to achieve the required angular momentum balance, it is necessary that the westward wave force that drives poleward flow and hence low-latitude upwelling and higher-latitude downwelling is suitably confined away from the equator. This confinement might occur in the absence of any external radiative heating-it might, for example, arise simply from the behavior of planetary-and synoptic-scale Rossby waves propagating from the extratropics. On the other hand, it might be that an externally imposed radiative heating plays an active role in determining the structure of the wave force.
The structure of the paper is as follows. Section 2 describes the data and the offline radiation codes used in the remainder of the paper. In section 3, we review the structure of the upwelling, temperature, and diabatic heating in ERA-Interim data and show that the wave force is indeed consistent with the double-peak structure in upwelling. Then in section 4, we consider in more detail how the pattern in diabatic heating rates seen in ERA-Interim data arises, first by considering contributions from individual processes to the total diabatic heating rate and then using an offline radiative code to gain further insight into how the clear-sky heating is determined by the concentrations of different radiatively active constituents and the temperature field. Finally, section 5 contains a discussion of some of the main findings and gives some conclusions. In particular, it is suggested on the basis of the previously described diagnostic calculations that the cause of the doublepeak structure is the latitudinal structure in radiative heating arising from the latitudinal structure in ozone concentrations. This hypothesis is not validated here, but it motivates a further more-detailed dynamical investigation that is presented in the companion paper (Ming et al. 2016 ).
Data and radiative code
Data are taken from the ERA-Interim dataset (Dee et al. 2011 ) covering the period from 1991 to 2010. Data are available at a horizontal resolution of 18 and at 6-hourly analysis time intervals (0000, 0600, 1200, and 1800 UTC). We use the data provided on 37 pressure levels for the calculation of dynamical quantities and 60 model levels for the offline radiative calculations. The closest pressure level to 70 hPa in the ERA-Interim output is 66.6 hPa. Where required, the latter level will be used in plots to avoid interpolating the data but referred to as 70 hPa in the text. This does not affect any of the conclusions in this paper. The European Centre for Medium-Range Weather Forecasts (ECMWF) also provides diabatic and physics tendencies from the forecast model used to generate the ERA-Interim dataset, accumulated over 12-h periods with the same horizontal resolution. The diabatic tendencies are provided on 60 model eta (hybrid) levels and are used to compute diabatic heating rates. These are then interpolated to 60 pressure levels, taking account of surface pressure data, to compute zonal averages. The zonal wind tendency (from the physics tendencies) is used in the calculation of the mean residual vertical velocity in section 3.
The structure of the diabatic heating rates is investigated using shortwave and longwave offline radiative codes. The shortwave scheme in ERA-Interim is based on a two-stream method by Fouquart and Bonnel (1980) . For the offline clear-sky shortwave (SW) calculations, we instead use the Zhong and Haigh shortwave code (Zhong and Haigh 1995) . A three-point Gaussian quadrature method is used to account for the diurnal variation in the solar zenith angle. The albedo is taken from ERA-Interim data.
For the longwave (LW) calculations, ERA-Interim makes use of the Rapid Radiative Transfer ModelLong Wave (RRTMG LW) (Morcrette et al. 2001 ). In the offline longwave analysis, we make use of the standalone RRTM, version 3.3, longwave code (Mlawer et al. 1997) . RRTM employs a correlated-k approach to calculate the heating rates where the k coefficients are obtained directly from a line-by-line code (LBLRRTM). The main difference between RRTM LW (the code used in this paper) and RRTMG LW (the code used by ECMWF) is that RRTMG uses a reduced set of intervals (140) for the integration of absorption in spectral space in each band relative to full set of intervals (256) used in RRTM LW.
Within the ERA-Interim calculation, the radiative code uses an imposed Fortuin and Langematz (1994) ozone climatology (https://www.repository.cam.ac.uk/ handle/1810/253669) and the water vapor field that is calculated through the assimilation process. For the offline calculation with the Zhong and Haigh SW code and the RRTM LW code, we therefore provide as input the Fortuin and Langematz (1994) ozone climatology and ERA-Interim water vapor and temperature. The carbon dioxide mixing ratio everywhere is set to 370 ppmv, which is an approximate value appropriate for the year 2000. ERA-Interim assumes carbon dioxide is well mixed and that it is linearly increasing from the 1990 values. The input fields to the radiation code are provided on pressure levels corresponding to the 60 model levels used by the ECMWF model and at every 58 of latitude. Ozone from the monthly Fortuin and Langematz (1994) climatology is linearly interpolated to these pressures and latitudes and also to daily values. A constant surface emissivity of 0.99 is used and the surface temperature is set to the skin temperature from ERA-Interim.
Latitudinal structure in upwelling and angular momentum balance
In this section we will demonstrate that there are two local maxima in the upwelling in the tropics at 70 hPa and that these features are consistent with the angular momentum balance. We make use of the downward control approach (Haynes et al. 1991) with careful treatment of the region close to the equator.
In the transformed Eulerian-mean framework (e.g., Andrews et al. 1987 ) the components of the residual circulation (y*, w*) are defined through
where y and w are the meridional and vertical components of the velocity, respectively, a is the radius of Earth, f is latitude, z is log-pressure height, r 0 } exp(2z/H) (H is a scale height taken to be 7 km), u is the potential temperature, and c* is the residual mass streamfunction. An overbar represents a zonal mean and a prime represents deviation from the zonal mean. Figure 1a shows different measures of the upwelling at 70 hPa calculated from ERA-Interim fields. The solid line shows the mean residual vertical velocity w* calculated from the meridional velocity and temperature following the same method as Seviour et al. (2012) . Equation (1a) is used to calculate y* from y and u. The residual mass streamfunction c* is computed from the pressure integral c* 5 Ð p 0 y* dp 0 . Component w* is then obtained from c*. This method means that the ERAInterim-supplied w does not enter the computation and w* is obtained through mass balance from y*. This is done since w is less tightly constrained to observations by the data assimilation than y and u (Monge-Sanz et al. 2013).
The calculated w* is in good agreement with that shown by Seviour et al. (2012) (their calculation is over a slightly different time period: 1989-2009 ). The dashed line shows the upwelling inferred from the total diabatic heating rates; that is, the ''diabatic mean residual vertical velocity'' defined by (8) of Butchart (2014) . This calculation is intended as a simple estimate of the upwelling from the diabatic heating and we do not impose the constraint that the globally averaged upwelling is zero. The diabatic heating field is linearly interpolated from the 60 model levels to the 66.6 hPa for this calculation. Both methods of calculating the mean residual vertical velocity show that there are two local maxima in the upwelling at 70 hPa centered around 208N and 208S. A 95% confidence interval for the estimated w* is also shown as a shaded region using an adjusted Student's t test (Zwiers and von Storch 1995) as described in the appendix.
A corresponding structure is seen in the ERA-Interim zonal-mean diabatic heating rates themselves. Figure 1b shows the total diabatic heating rate plotted as a difference from the equatorial value (this is helpful in emphasizing latitudinal variations, particularly for quantities that have a large vertical gradient). The latitudinal structure in the heating rates is also present in other reanalysis datasets such as the Modern-Era Retrospective Analysis for Research and Applications (MERRA) dataset and the Climate Forecast System Reanalysis (CFSR) but with less-pronounced peaks (Wright and Fueglistaler 2013) . The structure and magnitude of the peaks varies with seasons and with the phase of the quasibiennial oscillation (QBO) (Fueglistaler et al. 2009, their Fig. 8b ), but they are present year-round in the multiyear average and are not simply associated with a particular phase of the seasonal cycle or of the QBO.
To consider the consistency of the angular momentum balance, we can make use of the downward control principle (Haynes et al. 1991) to calculate the upwelling from the divergence of the Eliassen-Palm flux (= Á F) in ERA-Interim (Fig. 2 ) (= Á F is calculated from the dynamical fields and therefore represents the effects of the resolved waves). The full downward control integral is
with the integral performed along angular momentum contours. The angular momentum per unit mass is given ) at 66.6 hPa, averaged between 1991 and 2010, from ERA-Interim calculated directly from the streamfunction (as in Fig. 1 ) and from the Eliassen-Palm fluxes using the full expression in (2) for downward control (DC) integral and its quasigeostrophic (QG) approximation in (3). For the last two lines, 95% confidence intervals are calculated from an adjusted Student's t test. The uncertainty diverges for the full downward control case as the meridional gradient in angular momentum becomes small. The horizontal line between 208N and 208S represents the mean value of the upwelling in this region obtained using the residual streamfunction calculated for the full downward control case and imposing the fact that the global average of upwelling is zero. (b) As in the full downward control calculation in (a), but only showing the contribution from the unresolved processes X and the interaction between the transient parts of the meridional circulation and the angular momentum J.
by m 5 a cosf(u 1 aV cosf), where u is the zonal wind and V is the angular velocity of Earth.
In the extratropics, the angular momentum contours are nearly vertical and it is convenient to calculate the integral at a constant latitude assuming the quasigeostrophic (QG) limit (juj ( 2Vaj sinfj) and hence m f ' 22Va 2 sinf cosf. The downward control integral can then be written in the form
(3) Figure 2a shows the upwelling calculated using both the full integral in (2) and the QG approximation in (3). The uncertainty shown relates to the variability present in the 20-yr dataset. The QG and full calculations are essentially indistinguishable in the region poleward of 258N and 258S. In the tropics, the contribution of the relative angular momentum to m f is not negligible and affects the value of upwelling computed. The full integral in (2) produces an upwelling that is about 0.1 mm s 21 larger at the location of the double peaks. The uncertainty in the full downward control integral is large close to the equator since the meridional gradient of the angular momentum m f becomes small and strong serial correlations in the data from the annual cycle and quasibiennial oscillation result in a small number of statistical degrees of freedom in the 20-yr dataset used. However, the peaks in the Northern and Southern Hemispheres are both resolved to within statistical uncertainty in this calculation. Figure 2a also shows the mean value of the upwelling in the region 208N-S calculated by imposing the constraint that the global-mean upwelling averages to zero on each pressure level. The average in this region is less that the value of either peak, clearly showing that, notwithstanding the absence of reliable estimates from the downward control calculation of the detailed latitudinal structure of the upwelling, the upwelling velocity must be smaller in the tropical region between the two identified peaks and hence two maxima must be present. Scott (2002) showed that the interaction between the transient parts of the meridional circulation and the angular momentum gives rise to a set of additional terms which can play a role in the time-averaged angular momentum budget. The term = Á F in the numerator of the integral in (2) can be modified to = Á F 1 r 0 Ja cosf, where J 5 2hy* + › f u + /ai 2 hw* + › z u + i. Angle brackets denote time averages and stars denote the deviations from the time average. The contribution from J appears to enhance the double peaks but is not essential for their existence (Fig. 2b) .
In models there is often a significant contribution to the angular momentum budget from parameterized processes (e.g., Butchart et al. 2011) . ERA-Interim also provides a zonal wind tendency field that is the momentum forcing due to parameterized processes (including gravity wave drag). The tendency represents a force on the atmosphere and the part associated with gravity waves may be included in = Á F in (2). Figure 2b shows the contribution of this term to the upwelling. The zonal wind tendencies are provided on 60 model levels and linearly interpolated to the same 37 pressure levels used in the previous full downward control calculations. In the region of interest, this term does not change the upwelling calculated to within the uncertainty in the calculations.
In summary, the double peak in upwelling is consistent with the structure of the resolved wave forcing in ERA-Interim data with little evidence for a significant role for parameterized waves.
Origin of the diabatic heating structures at 70 hPa
As noted previously, there is a double-peak structure in the diabatic heating rates corresponding to those in the upwelling. Using offline radiative calculations, we will consider in this section how the double-peak structure in the heating arises and to what extent it can be regarded as externally imposed. The difference between the total ERA-Interim diabatic heating rate and the equatorial value has been shown in Fig. 1b . Figure 3a shows the corresponding field without subtracting the equatorial value. The double-peak structure at about 70 hPa with maxima centered around 208N/S is clear. ERA-Interim also provides individual radiative components of the diabatic heating. These include a clear-sky (radiative transfer without clouds) heating and an all-sky (with clouds) heating, each further divided into shortwave (SW) and LW radiation contributions. The nonradiative components, which represent a combination of latent heating and diffusive and turbulent heat transport, can be computed as a residual (Fueglistaler et al. 2009 ). The total contribution from radiative processes is shown in Fig. 3b , which is composed of the clear-sky shortwave (Fig. 3c) , the clear-sky longwave (Fig. 3d) , and the net heating (LW and SW) from clouds (Fig. 3e) . Figure 3f shows the nonradiative components.
The contribution of the different components of the diabatic heating to the double-peak structure is summarized in Fig. 4 The radiative effect of clouds on the lower stratosphere (Fig. 3e) is essentially that optically thick clouds in the upper troposphere suppress the upwelling longwave radiation and hence reduce longwave heating due to ozone absorption in the lower stratosphere (Doherty et al. 1984; Hartmann et al. 2001; Gettelman et al. 2004 ). The reduced longwave heating effect of clouds in the lower stratosphere is largest close to the equator and hence acts to increase the latitudinal gradients away from the equator in the double-peak structure. Nonradiative diabatic effects, shown in Fig. 3f , are important near the tropopause. Although their contribution decreases rapidly with height above 90 hPa, they lead to a relative cooling at 70 hPa over the equator of a magnitude similar to the cloud effect. We will now discuss the clear-sky shortwave and longwave contributions in more detail with offline radiative calculations. The following analysis compares 208N and equator. We also compare 208S and the equator. While the peak in diabatic heating at 208S is smaller than in the Northern Hemisphere, the qualitative aspects of the contributions are the same and these results are not shown. Figure 3c shows the SW clear-sky contribution in ERA-Interim. There is a strong increase with height but also a latitudinally varying part that increases away from the equator and hence contributes to the double-peak structure. These features are reproduced by the offline calculation with the Zhong and Haigh radiative code, results of which are shown in Fig. 5a . Water vapor and temperature fields from ERA-Interim are zonally averaged and an annually varying climatology is produced using the data from 1991 to 2010. The Fortuin and Langematz (1994) zonal-mean ozone climatology is provided as monthly means and is linearly interpolated to daily values. The radiative calculation is done daily and the heating rates are then time averaged. There are small differences between the offline calculation ( Fig. 5a ) and the ERA-Interim values (Fig. 3c ) of about 0.01 K day 21 at 70 hPa, which are likely to be due to differences in the radiation code and the use of a zonally averaged climatology. Figure 5b shows the difference in the heating rate between 208N and the equator according to the offline calculation (solid black line) and according to ERAInterim (dashed gray curve). There is a contribution of about 0.07 K day 21 at 70 hPa to the total diabatic heating shown in Fig. 1b . This contribution is primarily due to the latitudinal gradient in ozone evident in Figs. 5c and 5d. This ozone gradient is also present in more recent climatologies such as the Halogen Occultation Experiment (HALOE; Grooß and Russell 2005) and the multiinstrument mean of satellite data (Tegtmeier et al. 2013 ).
a. Clear-sky shortwave
The offline radiative calculation is repeated at 208N with the ozone profile held fixed at the equatorial value and the difference between the calculated clear-sky shortwave heating at 208N and the equator is shown as the dasheddotted line. This difference therefore results primarily from the latitudinal variation in incident shortwave radiation and, as can be seen, it is negligible. Hence, the latitudinal gradient in ozone plays the dominant role in determining the latitudinal gradient in the clear-sky shortwave heating rates.
b. Clear-sky longwave
Since from the above it appears that the clear-sky longwave component is a large contributor to the overall double-peak structure in the heating, we now analyze this component further to establish how it arises from the distribution of temperature and trace-gas concentrations using the RRTM radiation code as described in section 2.
We will first demonstrate that it is possible to reproduce the double-peak structure seen in the longwave clear-sky radiative heating rates in ERA-Interim using RRTM. A single year (2000) is chosen to allow a comprehensive approach where the radiative calculation is carried out daily.
Figures 6a and 6b compares the zonally averaged clear-sky longwave heating rate for the year 2000 from ERA-Interim and the offline RRTM calculation. Both are plotted as differences from the equatorial value. The offline calculation shows that it is possible to reproduce the double-peak structure in the LW heating with good agreement with the ERA-Interim values. Further radiative calculations show that the contributions to the heating rates in this region from nitrous oxide, methane, CFC-11, and CFC-12, as prescribed in ERA-Interim, are negligible. Background stratospheric aerosols were not included, but their radiative impact, estimated using results reported by Ramachandran et al. (2000), suggests that the diabatic heating rate contribution in the region of the double peak in heating is an order of magnitude smaller. The major trace gasescarbon dioxide, ozone, and water vapor-are responsible for most of the double-peak structure.
To understand how the structure of the double peak in clear-sky longwave heating arises in the climatological mean, we run a set of one-dimensional radiative calculations with ERA-Interim water vapor and temperature data that is zonally and time averaged (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and with the annual-mean Fortuin and Langematz (1994) ozone. The profiles of temperature and ozone are used to produce the clear-sky longwave heating rate at the equator and at 208N.
Time-and zonally averaged profiles were used for economy. The difference between the heating rates at the equator and at 208N in the time-and zonally averaged calculation, which is the primary interest here, is in very good agreement (to within ;0.02 K day 21 ) with the difference taken directly from the ERA-Interim heating rates. A more detailed calculation for the year 2000 was performed, as a check, where the rates were calculated independently at 12 longitudes and daily before being averaged. This calculation confirmed that using the time-and zonally averaged profiles for the difference does not affect the conclusions in this paper. The calculation is repeated using the ozone profile from 208N while keeping the equatorial water vapor and temperature profiles. The mixing ratio for carbon dioxide and other trace gases is the same as in the previous calculation. The difference between these two calculations is shown in Fig. 7 by curve A and represents the contribution of the latitudinal ozone difference between 208N and the equator to the difference in heating rate. The contributions of the latitudinal differences in water vapor and in temperature are indicated by curves B and C, calculated in a similar way to curve A but with water vapor and temperature individually being changed rather than ozone. The solid black line shows the difference in heating between 208N and the equator using trace-gas concentrations at their respective latitudes. We also show the ERA-Interim clear-sky longwave heating rate (similar to Fig. 4) . The sum of the three contributions (see curve A1B1C) adds linearly to the total difference. The effect of overlapping spectral bands (Clough and Iacono 1995) therefore appears too small in this region. At 70 hPa, the latitudinal difference in heating rate is 0.18 K day 21 of which 0.13 K day 21 comes from the latitudinal difference in ozone. The contribution from the latitudinal difference in temperature is 0.04 K day 21 and the remainder comes from water vapor. The ozone contribution arises from the fact that, in the tropical lower stratosphere, around 70 hPa, there are larger ozone mixing ratios (Figs. 5c and 5d) and hence more effective absorption of upwelling longwave radiation off the equator than on it. The radiative calculation also shows that the water vapor contribution in the region of interest is of secondary importance. The latitudinal temperature difference leads to a relative heating in the longwave at 70 hPa, notwithstanding the fact that at this level, as noted previously, temperatures are higher at 208N than on the equator (Fig. 1c) . The explanation is provided by the vertical nonlocality of the dependence of heating rate on temperature. FIG. 7. Radiative calculations using the RRTM LW code to show the effect of the meridional gradients in temperature and ozone between the equator and 208N on the longwave heating rate. Profiles of temperature, ozone, and water vapor input into the radiation code are averaged zonally and between 1991 and 2010. Curve A is the difference in longwave heating rate calculated at the equator from using the ozone profile at 208N with water vapor and temperature held at equatorial values. Curves B and C are similar to A, but for the water vapor and temperature meridional gradients, respectively. The solid line labeled DQ is the difference in heating calculated at 208N and the equator using the trace-gas concentrations and temperatures at their respective latitudes. For reference, the plot of the clear-sky longwave heating-rate difference from ERA-Interim, from Fig. 4 , is repeated (solid gray line with crosses). Note that the curve for DQ (solid black) overlaps curve A1B1C (dashed with circles).
to the difference in heating rate per level as a result of this perturbation is then plotted against the pressure level of the perturbation. Again, the individual contributions are additive; that is, the sum of the heating rate changes due to all pressure levels as shown by the solid curve is equal to the total contribution from temperature to the clear-sky longwave heating at 70 hPa. The solid curve shows that the positive contribution from the latitudinal difference in temperature to the latitudinal difference in heating at 70 hPa comes from layers above and below 70 hPa, which compensate for the local negative effect from the latitudinal difference in temperature at 70 hPa itself. The nonlocal temperature effect, particularly in the region below 100 hPa, might be expected to be decoupled from the dynamical processes around 70 hPa and therefore acts as an external (longwave) radiative forcing at that level.
The longwave heating rates in this region are quite sensitive to the choice of ozone climatology. Similar calculations carried out with the Fortuin and Kelder (1998) climatology, which has about a 20% lower difference in ozone values between 208N and the equator yielded net heating-rate differences of 0.05 K day 21 smaller than those found with the Fortuin and Langematz (1994) climatology used by ERA-Interim. We note in passing that several recent papers have pointed out differences in radiative heating in this region of a similar order between various modern reanalysis products (Wright and Fueglistaler 2013; Randel and Jensen 2013) . These biases may well be related to the representation of ozone in each given reanalysis given that differences in the respective ozone fields (Wright and Fueglistaler 2013, their Fig. 1 ) are of a similar magnitude to those between the Fortuin and Langematz (1994) and the Fortuin and Kelder (1998) climatologies.
We have now demonstrated that the double-peak structure in the heating arises from the structure in the constituents and temperature field. Ozone is the largest contributor to the latitudinal structure.
Discussion
In this paper we have examined the double-peak structure in the low-latitude lower stratosphere seen in the ERA-Interim dataset in both diabatic heating (Fueglistaler et al. 2009 ) and correspondingly in the upwelling vertical velocity (Seviour et al. 2012 ) and also in reanalyses and model simulations. The upwelling was shown, using the downward control integral, to be consistent with that inferred from the resolved wave force. We examined the various contributions to diabatic heating in detail using an offline radiative code and showed that the double-peak structure in the heating is caused primarily by the latitudinal structure in ozone, with smaller contributions from the structure in temperature and in other radiative constituents. The ozone variation gives rise to a corresponding variation in heating due to both the longwave and shortwave absorption. For the clear-sky longwave heating rates, ;70% of the difference between 208N and the equator at 70 hPa averaged over 1991-2010 can be attributed to the ozone meridional gradient and ;20% can be attributed to the meridional gradients in temperature throughout the vertical, with the latter coming from the latitudinal variations in temperature in the atmospheric layers below and above the level of the double peak. The latitudinal variation of temperature at 70 hPa itself acts, if anything, to reduce the double peak.
As we have noted previously, the double peak in heating in ERA-Interim is present year-round but the size of the peak compared to the value at the equator is modulated by an annual cycle and by interannual variations such as the QBO (Fueglistaler et al. 2009 ). Correspondingly, there is a significant interannual variability in the temperature contribution to the double peak. Interannual variability in the ozone contribution is also likely to be important but has not been considered in this study.
These findings motivate the hypothesis that the double peak in heating and, by extension, the double peak in upwelling, which is largely confined to the 90-60-hPa layer, is forced by aspects of radiative heating that are external to the temperature structure and indeed the dynamics of that layer. In particular, ozone concentrations within that layer and the temperature structure in the layers above, in the middle stratosphere, and below, in the upper troposphere, are important. This hypothesis is consistent with the structure in the temperature field, which does not show a double peak and is relatively flat across latitudes. The alternative hypothesis would have been that the latitudinal structure in upwelling was due to a dynamically determined (e.g., by wave dynamics) structure in the wave force in the absence of any latitudinal structure in the external radiative forcing. The structure of the temperature field would then correspond to that of the upwelling, which is not the case.
The question of what, within a given configuration of the circulation, can be regarded as externally imposed is, of course, a subtle one. While from a purely dynamical point of view the ozone concentration field, and hence any radiative effects arising from it, might be regarded as externally imposed, that would not be the case in a ''chemistry-circulation'' point of view in which dynamics, chemistry, and transport of radiatively active species and radiative heating are all coupled. However, as is evident from Figs. 5c and 5d, the double peak in ozone longwave and shortwave heating arises simply from the fact that, in the lower stratosphere, ozone concentrations increase poleward along pressure surfaces. The explanation for the poleward increase is that, broadly speaking, in the lower stratosphere ozone is a long-lived chemical species with concentration increasing upward and, as for any such species, the action of the BrewerDobson circulation on surfaces of constant concentration is to steepen them relative to isentropic surfaces (or other quasi-horizontal surfaces) (e.g., Holton 1986 ). The poleward increase of ozone concentrations is a rather robust prediction of 2D chemistry-transport models (e.g., Yang et al. 1991 ) that include the Brewer-Dobson upwelling at low latitudes and downwelling at high latitudes and there is no evidence that it depends on the details of the latitudinal structure (e.g., a double peak) in the Brewer-Dobson vertical velocity. It is also relevant to note that the double peaks in upwelling would, if anything, be likely to lead to ozone concentrations that decrease in latitude away from the equator, rather than increase. Therefore, for the particular case of explaining the double-peak structure, the view that the ozone field is externally imposed seems defensible.
The hypothesis that the double peak in upwelling is caused by the latitudinal structure in the externally imposed part of the radiative heating requires that the change in wave force necessary to maintain angular momentum balance is itself is a response to the imposed heating. The dynamical plausibility of this is demonstrated in the companion paper (Ming et al. 2016) . Maycock for help with the radiation code and for helpful discussions. AM and PHi acknowledge funding support from the European Research Council through the ACCI project (Grant 267760) lead by John Pyle. PHi also acknowledges support from an NSERC postdoctoral fellowship. The authors are grateful to Stephan Fueglistaler and Tom Flannaghan for conversations that stimulated some of this work. We also thank Robin Hogan, Alessio Bozzo, and Irina Sandu from ECMWF for their help with reproducing the longwave heating rates, as well as Ulrike Langematz and Markus Kunze for the ozone climatology. We received detailed and helpful comments from three anonymous reviewers that improved this manuscript.
APPENDIX

Statistical Methods
The reanalysis data contain serial correlations that must be taken into account when testing statistical significance and estimating confidence intervals. Consider a time series x with sample size n and sample mean x. We follow the method described in Zwiers and von Storch (1995) , which entails estimating an effective number of degrees of freedom n e from the autocorrelation function r(t) of the time series. Confidence intervals are based on a modified estimate of the standard deviation of the sample mean,ŝ m 5ŝn 21/2 e , whereŝ is the standard deviation of the time series andn (1 2 t/n)r(t)
.
Adequate convergence of the sum in the denominator in (A1) can be obtained if terms in the autocorrelation function are retained up to the lag where r falls below e 22 . The distribution of the means is assumed to follow a Student's t distribution withn e 2 1 degrees of freedom. This method is referred to as the adjusted Student's t test.
A further check on the uncertainty estimates is performed by splitting the dataset into a set of smaller continuous subsamples of length N and meansm i , where the subscript i denotes a subsample. Two different estimators for the standard deviation of the subsample meansŝ m (N) andŝ m (N) are obtained and compared as N is changed. The first method involves scaling the former with N to giveŝ m (N) 5 (n e n/N) 21/2ŝ . The second estimateŝ m (N) is given by the standard deviation of the meansm i . These estimates should converge if the adjusted standard deviation for the whole time serieŝ s m (n) is reasonable.
An example of this convergence for w* from ERAInterim at 208N and 70 hPa is plotted in Fig. A1 , showing good agreement with n e ' 4100 (n 5 29 200).
